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ABSTRACT 


Asymmetrically triggered Thyristor Controlled Reactor (TCR) 
has been suggested as a possible alternative to the conventional 
Thyristor Controlled Reactor(TCR) in Static Var Systems. This 
thesis deals with the detailed investigation of asymmetrically 
triggered TCR. 


Steady State analysis of the asymmetrically triggered TCR 
has been carried out in relation to input current, output voltage, 
harmonic contents in various quantities and rective power 
generation capability in all the three possible modes of 
operation. A comparative evaluation of this TCR and conventional 
TCR has been made. It has been observed that, from device point of 
view, the asymmetrically triggered TCR is decidedly better than 
the conventional one as it requites thyristoi of lower current 


rating and inductor of smaller s 
A case study, ignoring transients 
assess the efficacy o 


ize for the same reactive power. 

, has been undertaken in order to 
f this TCR in SVS 


applications . 



CHAPTER - 1 


INTRODUCTION 


1 . 1 GENERAL 

Reactive power compenaatloa playa an important role in the 
operation of power tranamiasion ayatem. The reactive power 
requirement haa traditionally been met through ahunt capacitor, 
ahunt reactor, aynchronoua condenaer etc. However, all these 
devices suffer from certain limitations of either range of 
control, flexibility or speed. Uith the advent of thyristor, a 
fast and smooth control of reactive power haa been made possible 
through Static Var System [1,2,3]. The flexibility in control of 
SVS haa made it attractive not only for bus voltage control but 
also for improving ayatem stability through damping of power 
system oscillat ions . 

Static Var System comprises of thryistor controlled reactor 
together with either fixed capacitor or thyristor switched 
capacitor. The thyristor control enables a smooth and fast 
control of reactive power. Although SVS technology has reached a 
fairly matured stage, attempts are continuously being made to 
improve the performance through use of alternate power 
semiconductor devices or thyristor control techniques. 
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1.2 REVIEW OF LITERATURE 

Reactive compenaat ion in power eyatem haa traditionally been 
achieved through awitched ahunt reactor, awitched ahunt capacitor, 
aeriea capacitor, aynchronoua condenaer, aaturable reactor, 
thyrlator controlled reactor^TojJand thyrlator awitched capacitor 
Theae compenaat ing devlcea can be claaaified into two categoriea 

(a) Internally controlled devicea 

(b) Externally controlled devicea 

Switched ahunt reactor, awitched ahunt capacitor, aeriea 
capacitor, aychronoua condenaer and aaturable reactor fall in the 
firat category, where there ia an inherent limitation of 
flexibility of control On the contrary, thtyriator controlled 
devicea (TCR and TSC) which are externally controlled devicea 
permit flexibility in control and hence are better auited for most 
applications [4-8]. Static Var Systems enable smooth and fast 
control of reactive power over the complete range from Inductive 
to capacitive. The two moat commercially used configurations of 
SVS are : 

i) Fixed capacitor, thyrlator controlled reactor (FC-TCR) 

11) Thyrlator awitched capacitor, thyristor controlled reactor 
(TSC-TCR) 

Fig. 1 1 and Fig 1 2 show both these types of SVS 
configurations- Steady state characteristic of both the 
compensators are Identical for small voltage perturbations [4] 
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The performance of TSC-TCR la superior under large system 
disturbances. Moreover, TSC-TCR Is characterized by low losses 
and reduced harmonic content [1] 

Exploiting the development in power semiconductor devices, 
the TCR configuration has also been proposed with gate-turn-off 
thyristors (GTO) [10,12] The basic advantage which is expected 
with the use of GTO is better flexibility in control with 
selective elimination [4,7,10] of harmonica 

In addition to the above, alternate control strategies for 

ho-ve 

the thyristor controlled reactor alsO/^been proposed with the view 
point of improved system performance. In this context, the design 
of thyristor controlled reactor has been proposed by Hammad et al 
[5-6], which allows for an increased control range, minimized 
harmonic generation and reduction in voltage stresses on the 
valves. Two new schemes of SVS have also been proposed, one is 
"Power Doubling" VAR generator [1], and other is SVS utilizing 
superconducting coll [8]. 

An asymmetrically triggered phase controlled reactor has 
been proposed as a potential alternative to conventional Thyristor 
Controlled Reactor [9,10] This proposed scheme uses only one 
inductor to achieve the desired control of reactive power, as 
compared to three inductors used in conventional TCR scheme 
Although this seems to be quite attractive since it will result in 
significant cost reduction, a detailed technical performance 
evaluation la however necessary with regards to steady and 
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transient operation, harinonic generation and range of reactive 
power control In this thesis some of these aspects 

of asymmetrically triggered TCR have been examined. 

1.3 OBJECTIVE AND SCOPE OF THE THESIS 

This thesis is mainly concerned with the analysis of 
asymmetrically triggered TCR to explore the possibility of its use 
in Static VAR System as alternative to conventional TCR. In this 
context, the main objectives of the thesis are - 

1. To analyse the asymmetrically triggered TCR under steady 
statewith regards to input current, output voltage and output 
current . 

2. Performance evaluation as regards harmonic generation and 
range of reactive power control. 

3. To study the effectiveness of asymmetrically triggered TCR in 
Static VAR System applications. 

1.4 OUTLINE OF THE THESIS 

Chapter 2 undertakes the steady state analysis of the 
unsymmetr ical ly triggered TCR. The general analysis for all three 
modes, with regards to input phase current, output current and 
output voltage, has been carried out The expressions for phase 
input current and output voltage have been derived. 

In Chapter 3 harmonic analysis and reactive power study have 
been undertaken. The harmonics in input current, output voltage 
and output current, in all the three modes, have been evaluated 
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The reactive power generation based on fundamental component 
analysis has been evaluated. 

In Chapter 4, asymmetrically triggered TCR has been used in 
Static VAR compensator The voltage control capability of thhis 
new TCR has been investigated through simulation. 



CHAPTER - 2 


STEADY STATE ANALYSIS OF AN ASYMMETRICALLY TRIGGERED 
THYRISTOR CONTROLLED REACTOR 

The steady state operation of a thyristor controlled reactor 
(TCR) based on asymmetrical firing is analysed in this chapter. 
Different modes of operation have been identified. The TCR 
performance has been analysed by deriving steady state expressions 
for currents and voltages. 

2.1 THYRISTfMi CONTROLLED REACTOR OPERATION 

The configuration of the thyristor controlled reactor is 

shown in Fig. 2.1. This shows a reactor ( L ) connected at the 

output terminal of a conventional three phase thyristor bridge 

which is fed from a balanced three phase supply ( v ,v.,v ). L 

a b c”^ s 

represents the leakage Inductance of the transformer. In the 
conventional three phase converter bridge operation or 
conventional thyristor controlled reactor, the thyristors 1 
through 6 are fired with the same delay angle a measured with 
respect to the positive going zero crossing of the respective 
commutation voltage. The asymmetrical firing of the valves 
considered here Involves firing of the thyristor in the upper 
valve group ( 1,3,5 ) with a delay angle oip and the thyristor in 
the lower valve group ( 2,4,6 ) with a delay angle oi„ such that 

otp + = 180 ^ 


( 2 . 1 ) 
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Under the asymmelr i cal firing scheme, the position of firing 
pulaes for various valves is shown in Fig. 2.2 for different 
values of cm* in the range 0* to 180** . Based on this the valve 
conduction pattern over one cycle can be established as given in 
Table 2.1. 

Uith the asymmetrical firing the TCR operation can be 
explained with the help of Fig. 2.3. which shows the output 
voltage waveform. The reference <,>t = 0 has been indicated in the 
figure. Firing angle (oi ) is 30* and L is assumed to be zero. 

tT Q 

For 0* i <^t i 60*, valves 4 and 5 are conducting, as indicated in 
Table 2.1. Therefore, voltage v appears across the inductance 
(L) . For 120*S <iot i 180*, valves 1 and 6 are conducting and hence 
the output voltage is . Between 240*i i^t £ 300*, conducting 
valves are 2 and 3, and the output voltage is other 
intervals both the thyristors of the same limb (1,4 or 2.5 or 
3,6) are conducting and as a result output voltage is zero. The 
output voltage waveforms for various values of «p in the range 0* 
to 180* are shown in Fig. 2.4. 

As can be observed from Fig. 2.4 the asymmetrically 
triggered three phase converter has an alternating output voltage 
waveform and hence the average dc output voltage is zero for any 
value of dp and As Op , and consequently is varied, it can 
also b'e seen that the number of pulses appearing in the output 
voltage waveform changes from 3 pulses (in the intervals 0* si «p 
s; 60* and 120* i oip 5 180* ) and 6 pulses ( in the interval 60* i 
oip i 120* ) Baaed on this, it is evident that converter 
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undergoes three different modes of operation as oip is varied form 
to 180^ . These modes are 

MODE I : i oip i 60*^ 

MODE II ! 60"“ i oip i 120!“ 

MODE III s 120“ < oip < 180“ 

The steady state operation of TCP is analysed for all the 
three modes of operation. To simplify the analysis, the following 
assumptions are made: 

(i) Thyristors are treated as ideal switches. 

(ii> The inductor (L) is assumed to be ideal. 

(ill) The source voltages are assumed to be sinusoidal and 
balanced, i.e. 


V 

= V 

sin( 


) 


2.2(a> 

a 

m 






V. 

= V 

sin( 


_ 

120“) 

2.2(b) 

b 

m 






V 

= V 

sin( 


+ 

120“) 

2.2(c) 

c 

m 






The 

1 me 

voltages 

are 



ab 

''ba 

= yi 

V 

m 

sin( 

6>t 

+ 30“ ) 

2.3(a) 

, _ 

"“V . 

= -/a 

V 

sin ( 


- 90“ ) 

2.3(b) 

be ” 

cb 

m 





, ^ 

— V 

= Vs 

V 

sin( 

<■^1 

+ 150“) 

2.3(c) 

ca ~ 

ac 

m 






The TCP operation is analysed both with and without source 

inductance L^. For the sake of convenience in the analysis to 
follow otp is designated as a. 
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2.2 TCR OPERATION WITHOUT SOURCE INDUCTANCE CL 5 

B 

2.2.1 Input, Current, in ModA I OpArttLion 

From the voltage waveform shown in Fig. S.4 it can be seen 

that in mode 1, the output voltage will have only three pulses 

corresponding to v i v , and v. . Each of these line voltage 

ca ab be 

appear for a duration of 2oi. This is illustrated in Fig. 2.5 

which also shows the nature of input phase A current. In Fig. 2.5 

it is considered that the zero crossover of voltages v , v . 

^ ca ab 

and Vj^^ occur at i>t = 30“ , 6>t = 150* and i^t = 270* respectively. 
From this it can be observed, in general, that for any firing 
angle « in mode I the output voltage equals v from wt = ( 30 * -a 

) to iit = (30* -»oi), equals v^j^ from <.>t = (150*-<x> to 6jt = (150*+a) 

and equals Vj^^ from <.it = (270*-ot) to fot = (270*-itt>. In any 
intermediate time period the output voltage is zero. Based on 

this, one complete cycle can be subdivided in three regions, for 
the purpose of analysis, as follows 


Region 

1 s 

(30* 

- Ol) 




(30* 

+ 

«) 

Region 

2 : 

(150* 

- a) 




(150* 


ct) 

Region 

3 : 

(270* 

- a) 



< 

(270* 


ot) 


Region I (30-a} < 6>t £ (30-tot} 

In this region thyristor 5 and 4 conduct. Under this 
conduction pattern the converter circuit of Fig. 2.1 can be 
simplified to that shown in Fig 2.6(a). From this the following 
circuit equation is evident. 
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di 

, o 

I ss y "“V ” V 

dt c a ca 


(2.4) 


With ~ ~ ^a ' equation 2.4 is integrated to give 

■/3 V 

I = - — ^ — !? cos( <jt + ISC'* ) + K. 
a 4.>L 1 


(2.5) 


where is the constant of integration. This can be evaluated 
based on the boundary condition that at oi t = (30i“ + ot) , 1 = 0. 
Substituting the value of K^, so obtained, the resulting 
expression for phase A current is 


1 

a 


y3 V 


m 




cos(<<>t + 150) + cos («) 


(2.6) 


Raglon II (150-«) ot i ( 1504oi ) 

In this region thyristors 1 and 6 conduct. The simplified 
converter circuit, in this case, is shown in Fig. 2.6(b), and the 
corresponding differential equation can be written as 


= "ab 

with i^ = 1 ^, the above equation can be integrated and the 
integration constant can be evaluated using the boundary condition 
that at ot = (150* + a), i^ = O. The resulting expression for 
phase A current is 

^ r 

i s= — — j Jcos(ot + 30) + cos (a) 

a oL I 


] 


( 2 . 8 ) 
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R«glon III (270i° - cn) i i (E70* + a) 

In this case thyristors 3 and E conduct and hence the output 
IS Phase A current is zero in this case. The phase A input 

current waveform obtained using the derived equations (2.6) and 
(2.B) IS shown in Fig. E.7. 

Furtdaman'i.al coinponant, of phaso X curr-ont 

The fundamental component of phase A current can be 
expressed as 

I 3 I = sin(<ot + (E.9) 


where 



(E. 10) 


and 



( 2 . 11 ) 


a^ and b^ are Fourier coefficients of fundamental component and 
evaluated as 


30+c* ISO+ot 

^ ^ J i^ cos(<.it) d(<^t) J cos(<.>t) d((ot) (2.12) 

30-O 150-a 


30-*oi 15040 

*^1 ~ ^ / ^a d(<ot) J sin(<jt) d(tot) (2.13) 

30-O 150-O 

Substituting 1 ^ from (2.6) and (2.8) corresponding to appropriate 
intervals , a^ and b^ are obtained after subsequent integration 
and simplification, as 



( V- Hd)JLN3UUnO 



INPUT rURRENT OF PHAi^E -A i NODE 
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®1 

3 V 

_ n* 

sin (2«) 

- 

and b^ = 0 

1 

(2.14) 

utilising 

equations 

(2.10) and (2.11), c^ and are 

evaluated as 


3 V 

4fiG>L 

sin (3a) 

- (3a) 

and = -90* 

(2.15) 

Substituting value of c. and 

1 

in equation (2.9) the 

fundamental 

component 

of phase A input current is obtained as 


^a1 

3 V 

_ m 

sin (3a) 

- (Sa) 

sin (tiit — 90) 

(2.16) 

From equation (2.16) 

it IS evident that 

fundamental 


component of phase A input current lags the corresponding phase A 
voltage by 9(f . It is expected since the TCR inductance has been 
assumed to be ideal. 


Similarly, expressions for fundamental component of phase B 
and C input current can be easily derived. In general, the 
fundamental component of input current in any phase can be given 
by the equation 


m1 


3 V 
m 

4ntoL 


Sin (Sa) - (3=*) sin (ut - 90 + m.120) 


(2.17) 


where m = O, —1, +1 for phases A,B and C respectively. 


2.2.2 Input Current in Mode II Operation 

The output voltage waveforms under mode II operation {6t<f < 

a i 120**) are shown in Fig. 2.3. From this, it can be observed 

that as a increases from 60* to 120*, the duration for which v , 

ca 
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and appear at the output, reduces. At a = 120** they 
vanish altogether. On the contrary, at ot = 60**, the duration of 
voltage pulses corresponding to ''(■5' zero while it 
is maximum at ct = 120**. At « = 90**, all the six line to line 
voltages appear at the output for equal duration. In general, the 
output voltage and the phase A input current in mode II operation 
is as shown in Fig. 2.8. 


Uhen thyristors 4 and 5 conduct 
Fig. 2.1 can be simplified as shown 
following equation follows 
di 

^ = ''c- ''a ' ''ca 

With 1 = -i , equation (2.18) is 

boundary condition (at wt = a — 90**, 
phase A current can be written as 


the converter circuit of 
in Fig. 2.9. From this 

(2.18) 

integrated, and using the 

i =0) the expression for 
a 


■/3V 

_ m 

'a 4i>L 

Simi lar ly 
expression 


l^cos (^ait-tlSO) — cos(a+60)j for (oi-90) i 6>t ^ (150-TQt) 

{2.19a) 

for other intervals, the phase A input current 
can be written as 


i 


-yiv 

TO 

4>L 


^cos (^t-»-30) 


cos (<31+60 )j for (30-h3t) < wt ^ (270-ot) 

(2. 19b) 


■/3V 

6>L 


j^cos (<^t+150)- cos(«-60)J for (270-oi) si 6jt i (150-Kii) 


(2.19c) 
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FIG 2.9 SIMPLIFIED CONVERTER CIRCUIT IN MODE -II 
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■/3V 


m 




[co 


s (<*jI+30) — coslcn 


-60 )j fo 


r (30-01) < at < (01-90) 

(2.19d) 


= O otherwise 

The phase A input current in mode 11 plotted using equation 
(2.19(a) to 2.19(d)), is shown in Fig. 2.10. 


Now, the fundamental component of phase A input current can 
be evaluated as in mode II operation. The Fourier coefficients of 
the fundamental component of phase A current in mode II can be 
written as 


150-01 


-(a+90) 


cos(t.it) d(<ot) J cos(tijt) d(<.>t) 


01-90 


(a-i-30) 


150+ot 

J 

■-(01+90) 


(«-90) 


1 cos(<<it) d(<.>t) + 
a 


J i cos(wt) d(<.it) (2.20) 


30-a 


150-01 


-(01+90) 


= i? [ ; 


1 sin(<>>t) d(o)t) + 

a 


01-90 


J sin(ut) d(o>t) 
(ot+30) 


1504OI (01-90) 

+ J 1 ^ sin(i.>t) d(<ot) + J sin(ot) d(<ot) (2.21) 

-(ot+90) 30-01 

Utilising expressions for i from equations (2.19a) to 
(2.19d) appropriately, during different intervals, equation (2.20) 
and (2.21) will yield the following equation upon simplification 



«D 

>1 

K 


3 


?! 

«! 


3 

<1 


*1 


8 

c 


S 8 

^u&jjno 


8 


«D 

ti 

K* 

I 
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-/3 V 


m r 


4n<«>L 


■/3 


+ 3 cosCSu)] and b. 


<2.2S> 


and can be obtained as 


1 “ i*ii 


Vs V 

I 

4iizrcr 


^ + 3 cos(3a)l and 4 , . = -9(f" 

-n J ^ 


<S.H3) 


Substituting and 4> ^ from equation (2.23> in equation (2.9) the 
fundamental component of phase A current as 


a1 


-/3V 
m 

4f7oL 


-/3 


+ 3 cos Sal sin (wt — 


90** ) 


(2.24) 


The fundamental component of phase B and C input current can 
be derived in similar manner. The generalized expression for 
fundamental component of phase current can be written as 


I 


mi 


-/3V 
m 

intoL 


— 3 cos ( ax) sin (ot -90-H2Om) 

-/3 J 


(2.24) 


where m = 0,-1, -i-l correspond to phase A,B and C respectively. 


2.2.3 Input Current In Mode III Operation 

The output voltage waveform in mode III is shown in Fig. 
2.3. The output voltage comprises of voltage pulses corresponding 
to V . , V and v. . It can be noted that the position of these 
output voltage pulses is displaced from that obtained in mode 1 
180*^. The output voltage and mode III operation is, therefore, 
identical to that in mode I operation except that it is phase 
shifted by 180®. Consequently the phase A input current 
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expression for mode 111 operation can be obtained directly from 
mode I equations by using iaO*^-tx in place of oi. The phase A 

I 

current waveform for various values of a. is shown in Fig. 2.11. 

2.3 TCR OPERATION 1HTH SOURCE INDUCTOR CL :> 

B 

Unlike the convcentional converter operation, in the 

asymmetrical firing it is observed that there is no three valve 

conduction even when source inductance is taken into 

consideration. This can be illustrated considering a. = 90"° 

whenvalves 4 and 5 (Fig. 2.1) are conducting at u t = 0'“ (refer 

Fig. 2.2). At ot = 60*, valve 6 comes into conduction. Supposing 

valve 4 continue to conduct, voltage at cathode of valve 4 is 

-V /2 and at anode of valve 4, it is v . From Fig., 2.3 it can be 
c a 

seen that at ^ot = 60* v > -v /2 which indicates that the flow of 

Si c 

current through valve 4 should reverse. Since this can not 
happen, valve 4 will turn off as soon as valve 6 is turn down. 
Thus, there is no period of three valve conduction. 

Considering source inductance Fig. 2.12 shows a particular 
case of TCR operation with valves 4 and 5 conducting (region I of 
mode I as explained earlier). In this case the circuit equation 
can be written as 

di 

(2L + D ja - — “ V (2.26) 

s ul ca 

with i^ = - 1 ^, integrating and using boundary condition same as 
equation (2.5), the input phase A current expression is obtained 
as 
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-/3 V 


m 


<^(2L +L 
s 


T [ 


cos (<*> + 150) + cos ot 


(S.27) 


Equation (2.27) is similar to equation (2.6) except for the 
fact that L in equation (2.6) is replaced by = 2L^+L in 
equation (2.27). Therefore, the input phase current equations 
considering source inductance will be same as those obtained 


without source inductance except that L is replaced by L 


eq 


It 


IS to be noted that effect of source inductance L is to reduce 

s 

the peak value of phase current. 


2.41 RMS INPUT CURRENT 

The phase A input current in mode I operation is shown in 
Fig. 2.5. The rms input current expression is 


30-*oi 


150-i« 


arms 


ir [ J ^^a^^ d(<ot) + J d(<ot)j (2.28) 


30-« 


(150-a) 


Utilising the phase A input current expressions (2.6) and (2.8), 
equation (2.28) yields on simplification 


"arms 1 


^ ^ sin(2a) + Aa cos a - 8 sin(oi) + Sat 


(2.29) 


In a similar manner the rms input current under mode II 
operation is obtained from Fig. 2.8 as 


arms2 


5? ■ =L r's- -«>*<'' -3- 


- y~ 3) sin Eot 


1/2 


+ 2t^ sin(2a) 


(2.30) 
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RliS rms input current expression for mode III opefation can 
be obtained from equation (2-29) by substituting {180**-^) in place 
of «- 


2.S OUTPUT RMS VOLTAGE 


From Fig. 2.5 for mode I operation the output rms voltage 
expression can be written as 


V 

orms 


1 


30+ot 



30-a 


150+01 

d(<ot) + J d(o>t) 

150-ot 


Substituting the voltage 
simplified to 


270+01 

+ J d(i^t) 

270-01 

equations (2.3), equation 


1/2 


(2.31) 


(2.31) 


can be 


3V r T 1/2 

V ^ = — - a - sin(2oi) (2.32) 

ormsi ^ {_ J 


Similarly from Fig. 2.8, of mode 11 operation the rms output 
voltage is obtained as 


3V 


V 


m 


orms2 




.. 1/2 

ct + sin (120 +- a*) +- sin (120-2 qi)| (2.33) 


The rms outpult voltage expression in mode 111 will be same 
as that of mode I given by equation (2.32), except that oi is 
replaced by 1S0*-ot. 
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2 6 DISCUSSION 

Asymmetrically triggered TCR has come up aa a poaaible 
alternative to the conventional TCR A comparative evaluation of 
the two, however, ahould be made before the new scheme becomes 
practically viable. 

The asymmetrical scheme makes use of only one inductor in 
place o£ three inductors in symmetrical scheme. In both the 

cases, the inductor is subjected to same maximum voltage (VZ 
and hence no additional cost is incurred on the insulation The 

peak inverse voltage across the thyristor, in both the cases, is 
■/2 1 e. peak like to line voltage. The peak current through 

the thyristor in conventional TCR is while it is 

(0.31 (obtained from equation 2.16, at ot = 60^) in case of 

asymmetrically triggered TCR in mode I. Therefore, with 

asymmetrically fired TCR, thyristors are economical. Thus from 
the device point of view, the asymmetrically triggered TCR 
conclusively, stands better. A further comparison, from harmonica 
and reactive power view point, should, however, be made. 

2.7 CONCLUSION 

In this chapter asymmetrically triggered TCR has been 
analysed in relation to input current, rms input current and rms 
output voltage The TCR operation, with source inductance taken 
into consideration, has been analysed. A comparative evaluation 
of symmetrically as well as asymmetrically triggered TCR from 
device point of view has been made. 

















































CHAPTER - 3 


HARMONIC ANALYSIS AND REACTIVE POWER GENERATION 

The asymmetrically triggered thyristor controlled reactor is 
analysed further with regards to its reactive power generation 
capability and the harmonic content in various quantities like 
input current, output voltage and output current. This is an 
important aspect if the asymmetrically triggered TCR is to be used 
as an alternative to conventional TCR in Static VAR systems. In 
high power applications, injection of harmonics in the system are 
kept at the minimum if not totally avoided. 

3.1 HARMONIC ANALYSIS; 

The harmonic components in input current, output voltage and 
current are calculated for all the three modes of TCR operation 
described in the previous chapter. 

3. 1 . 1 Harmonics in Input Currant 

The calculation of harmonic components is described below 
for phase A input current. 

Moda 1 Oparation 

The phase A input current is shown in Fig. 2.5. Based on 
this, the general expression for the current can be written as 
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1 = c sin (nc^t + ^ > 

an n n 


(3.1) 


where 


c = Va^ + 
n n n 


(3.2) 


[tP=] 


(33) 


a and b denote the Fourier coefficients for n harmonic 
n n 

component. From Fig. 2.5 the expressions for these can be written 


a = 
n 


30-kx 


150+a 


J 1 cos(nut) d(4ot) J 1 cos(nu>t) d(ut)| (3.4) 


30-tii 


150-a 


b = 
n 


30401 


1504OI 


r 1 sin(rK.it) d(<.>t) 4- f 1 sin(nc.>t> d(t.>t) (3.5) 

•J a J a 


30-01 


150-01 


where x is the input phase A current given by equations (2.6) and 

d 

(2.8) which are reproduced below 


-/3 V 

— ^ 

''a ~zni 


cos (iot 4- 150"“) 4- cos oi j for (30* -tx ) ^ <ot ^ (3Cr 4oi ) 


-V3 V r 

= cos (<^t 4 30* ) 4- cos « j for ( 150* -ot ) ^ ^ ( 15Cf 4c* ) 


= O elsewhere 


Substituting i in equations (3.4) and (3.5), fallowing 

3 l 

expressions are obtained after integration and simplification 


X ,sin (90n) 
ni 


(3.6) 
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b = X cos (90n> (3.7) 

n n-l 


where 


■/3 V 

ITk 

n L 


sin (60n) 


sin (n+1oi) 
(n+1) 


sin (n-1a) 
(n-1) 


geos <ot) sin (not)! 

n J 


(3.8) 


and n = 1,2,3 

As can be seen from Fig. 2.5, the dc component in the input 
current is zero and consequently 


a =0 and b =0 
o o 

utilising equations (3.8) to (3.8), the coefficient c^ and 
4> can be obtained as 



and ^ = — 90n 

n 

Substituting equations (3.10) and (3.11) in equation (3.1), 

1 = |X ^1 sin { n(i*)t - 90) > 

an ' n 1 ' 


(3.9) 


angle 


( 3 . 10 ) 

(3.11) 

gives 

(3.12) 


It IS to be noted from equation (3.12) that all the triplen 
harmonics e.g. 3,6,9 ... etc. are zero. Utilising equation (3.10) 
the harmonic components present in the phase A input current can 
be calculated for various values of a. The variation of harmonic 
components with firing angle « is shown in Fig. 3.1. For these 
purpose, in Fig. 3.1, the phase A input current (i^„> is expressed 
as a ratio of fundamental component of phase A input current. 




^ </ 


O t 4 n ® 


m ^ m - • ® 


XhK 


//fs 

//^ 


/ / -Jh 


//.W 

p/ > I J/j 
\ ^i hK 


y/jj 8 

Hr/I ^ 


i i i a si " i; 

I t I I ^ 

^ Xtdux Tr>j / xx>ut 


HARMONIC COMPONENTS OP* PHASF A i.NPwT 'HRREN 
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The harmonic current expression for phases B and C in Mode I 
operation can be directly obtained from equation (3.12) by 
properly accounting for the 120“ phase shift. In general, the 
expression for harmonic component of any phase can be writen as 

I = i>v .I sin £ n{4.»t - 90'^) + m lEO?' > (3.13) 

n ' n 1 ' 

where m = O, —1 and +1 is for phase A, B and C respectively. 


Mode II Operation 


Under this mode of operation the Fourier coefficients a and 

n 

b^ required to derive the equation for input phase current can be 
written based on Fig. E.8 as 


a 

n 


Jl_ 

2n 


150-a 


I ‘a 

a -90 


-<a+90) 

cos(nc.>t) d(<iit) + f i cos(nwt) d(ut) 

J a 

oi +30 


b 

n 



(150-Kx) 



01-90 




-f ^a 

cos(nut) 

d(<at) 

* J ‘a 

cos (n<>>t ) 

d(o>t) 


-( 01 + 90 ) 



30-tm 




150-« 



-( 01 + 90 ) 



1 

2n 

I 'a 

sin(n£ot ) 

d(oit) 

J ^a 

sin(ncot ) 

d(o>t) 


L ( 01 - 90 ) 



( 01 + 30 ) 




( 150-K)t ) 

+ r i sinCnut) d(tit) 
J a 

-(O+90) 


a-90 

J i^ sin(nwt) d(<^t) (3.15) 

30-Qt 


where i is the input phase current given by equations (2.19), 
(2.21), (2.23) and (2.25) for the corresponding time intervals. 
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The harmonic component of input current can, therefore be 
given by equation (3.1) as 

1 

an 

Similarly the harmonic components for phases B and C can be 
evaluated. The harmonic components present in phase A input 
current is plotted for various values of a in Fig. 3.2. 

Mode III Operation 

It has been observed in Chapter 2 that mode III equation can 
be derived from mode I equation by simply substituting (180*^-«) in 


ya V 

Kl 

4n(j>L 


I nZ n3 


Vz 

i] 


n6>t + tan 




(3.16c) 



I/p CUR REN T 



FIG 3 2 HARMONIC COMPONENTS OF PHASE A INPUT CURRENT 



place of ot and mode 3 are almost identical. Mode 3 equations can 
be obtained from corresponding mode 1 equations by using (180-o»> 
in place of a. Based on this mode III equation here can be 
directly obtained as 


1 = lx 1 sin (rvot - 90) (3.17) 

an ' n4' 

where 

, fsin< (n+1)< isrf'-o) ) . sin( <n-1 ) ( IScT-ix) ) ^ 

sin( 60 n) | + 

gcosotsin(n( 180i° -ot ) ) 1 

" J 

The variation of harmonic components in input current with firing 
angle « is shown in Fig. 3.3. 


3.1.2 Harmonics in Output Voltage 


Mode I Operation 


The output voltage (v^) waveform is shown in Fig. 2.5. The 
output voltage <v^) equals for (30'cx) < wt ^ (30-Kx ), equals v^j^ 

for ( 150 - 01 ) < iit < (150+a), equals Vj^^ for ( 270 ^) < wt < (270-h3t). 

The Fourier coefficients of output voltage can be evaluated as 
2n 

a = r V cos (n»t) d(<ot) 
n &i J o 


30+ot 


1504ot 


=r ^ f X cosCncjt) J Vab (nut) d(ut) 

*- -- 150-hoi 


30-a 


270-Kji 

+ J- V 
270-ct 


be 


cos (nut) d(ut) 


(3. 18) 






V sin (nwt) d(<ol) 
0 


A2 


2n 



o 


1 


[ 


30-K>t 

J ' 

30-tdi 


150-K* 


ca 


sin(rKot) d<wl) + J i 

150-O* 


ab 


sin (ntot) d(6>t) 


270-H3 

+ J sin (ni^t) d{tot)j (3.19) 

270-<J» 

Utilising equations (2.3a), (2.3b) and (2.3c), a and b can be 

n n 

obtained as 


a 

n 

= ^n1 

sin (150n) 



(3.20) 

b 

n 

= ^n1 

cos ( 150n ) 



(3.21) 

where ft . 

n1 

-/3 V 
_ m 

2n 

(1 + cos 120n)j 

fsin( (n+1 )« ) 

[ (n+1) 

sin( (n— 1 )«)'! 
(n-1) J 

(3.22) 


Therefore c and 4> , defined by (3.2) and (3.3), can be written as 
n n 

c = \ft and = (150n) 

n ' n1' n 

The harmonic components in output voltage can, therefore, be 
written as 

V = 1/9 .1 sin(n(<.>t + 150^^)) (3.23) 

on I' n1' 

From the equation (3.23), it is evident that there are no even 
harmonics in the output voltage. 
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Modcr II Operation 

The output voltage, in mode II operation, is shown in Fig. 

2.8. From Fig. 2.8, using appropriate line to line voltage for 

the output, during different time intervals, the Fourier 

coefficients a and b can be evaluated as 
n n 



I 

— m I 

^121 


(3.24a) 

a 

n 

" I 

n+1 n-lj 




I 

m 



(3.24b) 


4n 

[n+1 n-lj 



where p^^ 

, p^g, p ^3 and p^^ are defined in Appendix 

A. 


using a^ 

and b^ expression, the magnitude c^ and 

angle 4 > 

can be 
n 

evaluated 

as 





c 


n 


ys V 

m 





+ ft 


n3 


and ^ =tan 


n 


1 



where 

^^02 = I 

■Pin 

^n+1 


j ^n3 " 

rPi3 . **141 
[ifTR n-lj 

Substituting for 

the 

values of c^ and in 

equation (3. 


/3 V 

r 2 


I /2 

j sin|^Ti6i3t + tan | 

^n2)l 

V = 

on 

111 

4n 

[^n2 

^n3 

. ^njJ 


gives 


(3.24c) 


Mode III Operation 

Mode III output voltage equation can be derived from mode I 
equation by simply substituting (1B0 -ml m place of ot 


Based on 
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this mode III output voltage equation can be directly obtained as 


'' ~ /i\ sin(n(4^t+150 )) 

on ‘ n4' 


(3.25) 


where 


-/3 V 


m 


n4 


Zn 


^ - sin( {n-1 ) { lao'^-c* ) >1 

I J\ (n+1) (n-1) J 


The variation of harmonic content in the output voltage is plotted 
as a function of ex in Figs. 3.4 and 3.5 for mode 1 and mode III 
operation respectively. For this purpose, in Figs. 3.4 and 3.5 
the harmonic content in the output voltage is expressed as a 

ratio of maximum input phase to neutral voltage 
3.1.3 Harmonics In Output Currant 
Mode I operation 

Based on the output current waveform shown in Fig. 3.6 the 

Fourier coefficients are obtained as 

SOHk* 150+01 

J" 1 ^ cos(nc.it) d(<«>t} X ^3 cos(niit) d(oit) 

30-ot 150-01 


n 


1 

2fi 


270+a 


J" ij^ cos(no>t) d(6>t} J 


(3.26) 


270-01 


b = 
n 


1 


r- 30-»oi 150+01 

J 1 ^ Sin(n6>it) d(ot) J ^3 sin(na>t) d<iot) 


30-ot 


150-ot 


270+01 


J ij^ sin(n<ot) d(6jt) j 


(3.27) 


Z70-ot 



4-5 
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FIG 3 5 HARMONIC COMPONENTS OF OUTPUT VOLTAGE (MODE -III) 
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Equations <3.26) and (3.27) are written on the basis that during 
the interval 30-ct wt :S 30+a , i equals the output current. 

A 

Similarly ij^ and i^ equal the output current during interval 
(150-tx) ^ tot (150+ot) and (270-tx) < tot SJ (E70-Kx) respectively. 

The input phase currents i , i. and i valid under different 

8l D C 

time intervals are 


V3 V 


m 


■/3 V 




1 = - 

b 


m r 

c- 


-V3 V 


C to 


[ 


cos 


(tot + 30'") + cos(oi)Jfor dSO^-tt) i tot i ( 15Cf -to) 
(tot — 90!^) + cos (£)i)jfor (270* -a) i tot i (270 +« ) 
(tot + 150*) + cos(oi)l for (30* -oi) i tot i (3(^-*ot) 


Substituting i^, and i^ in equations (3.26) and (3.27), 


the following expressions are obtained after simplification 


a = 6 . cos (150n) 

n n1 


b = <5 . sin (150n) 

n n1 


where 


(3.28) 

(3.29) 


-/3 V 




m 




{14-2 cos(120n)> 


{ 


’2cos(ot) sin(TK») _ sin (n+1 )a 


n 


(n+1) 


sin(n- 


(n-1)a 1 
(n-1)“ / 


c and , defined earlier, are evaluated as 

n n 




n 


+ 150n 


(3.30) 


The resulting output current expression is 


1 = |6 1 sin (n (tjt+150 ) 90 ) 

^on ' n1' 


(3.31) 
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From equation (3«31) it canbe observed that no harmonics 
other than triplen harmonics appear in the output current. 

Mod^l II Op^rAtlori 

From Fig. 3.7, it can be seen that during the interval 
(a~-90) < 4>t (150-^) appears as the output voltage across 

inductor L. Under such a situation, the output current can be 

determined from 
di 

^ " ''ca 

Using expression for v (equation (2.3c)> and integrating, 

c a 

the above equation with the boundary condition that at <<>t = ot-90, 
1 = O, the expression for output current is obtained as 

■/3 V ^ 

1 ?!? J cos (wt + 150) - cos (a+60>> (3.32) 

o J 

Siinilar expressions for the output current in the other time 
intervals, shown in Fig. 3.7 can also be derived. These are given 
below : 


■/Z V 


1 = 
o 


m 




y3 V 


[ 


m 




-/3 V 
uL 


cos (ojit - 


cos (tilt + 


90) - cos (oi - 60) j ; (150-«)<t.>t:= (30+01) 


(3.33) 


30) - cos (a + 60)j J (30+oi)^tit^ (270-oi) 


(3.34) 




cos (wt + 


150) - cos (a ~ 60)j ; (270-oi)£<.it:S ( 150+oi) 


(3.35) 
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-/3 V 


m 


<^L 


l^cos (wt - 90) - cos (a + 60)j ; ( 1504a {30-«) 


(3.36) 


-/3 V 


m 


oL 


[co 


5 (-ul + 30) - cos (a - 60) I; (30 -a )<6it< (a-90) 

..... (3.37) 




The Fourier coefficients a and b can be evaluated, in the usual 

n n 

manner, as 


^ iA T 

a = 4- _lr 4 p^cos(90n) + p^cos(150n) + (3.38a) 

n 4ficjL Ln + 1 n-1 ^3 ^4 ^5J 


b = ^ 5 — I 4 4 p sin(90n) + p-sin(150n) + p,j (3.38b) 

n 4fi<^L [n+1 n-1 ^3 ^4 ^6J 


where p^ » P^r P^r ^16' “^17 ^18 


p.- and p.fl are defined in Appendix A. 
utilising expression for and b^r the magnitude c^ and angle 
can be evaluated as given by equations (3.2) and (3.3) » The 
resulting equation for the output current harmonic components is 


on 


^<.L- [4^ " <3] 


(3.3ac) 


where 


n2 


n3 


Pl5 

n4-1 

^16 . 

P2COs(90n ) 

+ p.cosdSOn) 4- 

4 

:!iz 

•^18 

4 ^ 4 

p_s 1 n ( 90n ) 

+ p.sin(150n) + 

n4-1 

n-l 

^3 
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Mod« III Oii*r*tiori 

The expression for harmonic components in output current in 
mode III operation can be directly obtained from equation (3.31) 
by substituting dStf^-oi) in Place of «. The resulting expression 
for output current harmonic component is obtained as 
Ion 1*^041 sin(n(tot+150'") -90"“) (3.39) 


where 


•/9 V 


m 


n4 




1^cos ( 1H0n ) 


){ 


2c os(18Q*^-not)sin(n(18Q>°-a) ) 
n 


sin(n+1 ( 180i“-oi) ) _ sin(n-1 ( 180*^ -oi))’l 
(n+1) (n-1) J 

The variation of harmonic component in output current is 
plotted as a function of « in Figs. 3.8 and 3.9 for mode I and 
mode II operation respectively. For this purpose, in Figs. 3.8 
and 3.9 the output current harmonic components expressed 

as a ratio of constant term K, defined in Figs. 3.8 and 3.9. 

3 2 REACTIVE POWER ANALYSIS 
Mode I Oporalion 

The rms value of fundamental component of phase A input 
current is given by equation (2.6) as 


I 


1 


rms 


3V 

2 lsin(a») - 3 m| 

4y5 


(3.40) 


The reactive power drawn from phase A will be given by 

J£NTR ^ L i- ! 3RAIi^ 

! \ ^ KANPUfI 

s ^ 
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3V‘ 


A rm«i 1rms 


m 


BrtcoL 


sin ( 3 di ) - Eot 


( 3 . 41 ) 


Therefore, the total reactive power from the source will be 


ITi 


(3.43) 


Mod«r II Oi^itr aiiiort 

The rnis value of fundamental component of phase A input 
current is given by equation (2«30) as 


' 1 rms 


/I" Jj!L f ^ + 3 cos(Ea)l 
? 4f7coL t y3 J 


( 3 . 44 ) 


The reactive power drawn from phase A is given by 


Vs V 


Q 


A 


"SrulL 


® J ^ + 3 cos(aM)l 


ys 


( 3 . 45 ) 


The total reactive powe 


r drawn from the source is given by 


3/3 V 


Q, 


fifTioL 


t. 

!!L r ^ + 3 cos(ao)] 
^ /3 ^ 


( 3 . 46 ) 


Mod^e III Operation 

The total reactive peer drawn fro. the source, in mode III 
operation can be directly obtained from equation (3.43) by 
substituting (180“^) m place of «. The resulting equation is 


obtained as 




9v2 


m 


B«4JL 


I sin (2(180**- «)) - 2(n-«>l 


( 3 . 47 ) 
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To the reactive power generation capability the 

variation in reactive power ia plotted with reapect to the firing 
angle (a) for different modes of operation Equations (3 43), 
(3 46) and ( 3 47 ) have been used to obtain reactive power 
variation The results are plotted in Fig. 3.10. In the 
calculations of equations ( 3 43), (3.46) and (3.47) the peak value 
of input voltage (V ) is chosen as 230‘/2 volts and the value of 

Hi 

inductor "L* in taken aa 100 hH with aupply frequency of 50 Hz. 

3.3 DISCUSSION 

From the reactive power variation ahown In Fig. 3.10, it is 
evident that while amooth control of reactive power over full 
range ia poaaible under mode I and mode III operation, it is not 

quite ao in mode II operation. Furthermore in mode II operation 

of the converter there are two values of firing angle 

corr eaponding to a particular reactive power requirement. 
Consequently a unique value of ot for a particular value of 
reactive power requirement is not readily possible in mode II 
operation . 

Based on the above observation, it appears better to 
consider the converter operation in either mode I or mode III. 
Since mode I and mode III operation are almost identical, the mode 
I operation can be considered as a practical choice. However, this 
must be evaluated with regards to harmonic content particularly in 
the input current since input current harmonics are injected into 

The harmonic content in the input current 


the supply system. 
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under mode I operation ie flhown in Fig 3 1 It can be observed 
that in the lower range of firing angle harmonica of order less 
than 10 and ft) are significant. Of these, the 2nd 
harmonic component ie quite predominent However, if the firing 
angle ie increased beyond 20*, all the harmonic components except 
2,4 and 5 would reduce to leas than 10% As a result the adverse 
Impact of hiigher order harmonics may be substantially reduced. 


As regards the other harmonics (2,4,5), separate filters may 
have to be provided for them. It may also be noticed from Fig. 
3 10 that emposing a minimum firing angle limit of around 20 
would not restrict the range of reactive power control 
appreciably 

One important advantage is that the present scheme uses only 
one inductor On the output aide of the converter , the inductor 
(Lj la subjected to voltage having frequency components higher 
than the input voltage Because of this high frequency operation, 
the economic aislng of the inductor (L) is also possible. 

As compared to the asymmetrically triggered TCR, the 
conventional TCR in SVS, has harmonics of the order of 6n±l on the 
input side generally tuned filters are provided for 5th and 7th 
harmonica Asymmetrically triggered TCR would require one etra 
filter. 


The maximum reactive power drawn by conventional TCR is 
given by (3vf,/^.L) (V,, line to line voltage) while it is 


' LL 

(0 3806V^ /<oL) [obtained from equation (3.43) at 

jLr Lr 


60 ] in case 


ot = 
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of aflyrotn**tt i rally f i r TCR . Th«f«fore, size of the inductor, for 

the same reactive power, in asymmetrically fired TCR ia 

rona Ider atil y amall compared to the conventional TCR (L = 7.88 

aym 

L ) . 
afflyo 

Baaed on the above diacusaion, it is evident that certain 
meaaure aa euadt-nt td , may be necessary to make asymmetrically 
triggered TCS practically viable as compared to the conventional 
TCR for Sxnxlc VAR System application. 

3.4 CONCLUSION 

In this chapter asymmetrically triggered TCR has been 
analysed with regards to harmonic content in input current, output 
voltage output current, and Its reactive power generation 
capability. It has been observed that unlike symmetrically 
triggered TCR which injects harmonics of the order 6n±l into the 
supply system, asymmetrically triggered TCR injects even harmonics 
too. Based on the previous discussion, it has been concluded that 
restricting the minimum firing angle to about 20" has practical 
advantage from harmonica point of view, without appreciably 
reducing the controllable range of reactive powe 



CHAPTER - 4- 


CASE STUDY 

In previous chapters, the aeady state performance of 
asymnif* t r i ra 1 1 y triggered TCR has been analysed It has been 
observed that this TCR, like conventional TCR which is 
symmetrically triggered, draws variable lagging reactive power 
from the source, and the reactive power drawn can be smoothly 
varied from zero to maximumum Therefore, it is expected that th'e 
asymmetrically triggered TCR can be used in place of conventional 
TCR in SVS for voltage control applications In this chapter, the 
study of sample system is undertaken to evaluate the efficacy of 
the asymmetrically triggered TCR with regard to its voltage 
control capability 

4 1 THE STUDY SYSTEM 

The system chosen for study is shown in Fig. 4.1. The 
system comprises of a generator feeding a 230 kV, 400 km long 
line On the other end of the line a variable load is connected. 
The asymmetrically triggered TCR alongwith fixed capacitor (FC) 
which together constitute a Static Var System is connected at the 
middle of the line to control the midpoint voltage as the load is 
varied The fixed capacitor includes the capacitive reactive 
power supplied by harmonic filter (2,4,5) at fundamental 
frequency. The systtem data is given in Appendix B. The size 
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capacitor and inductor of TCR is determined based on load flow 
calculations as indicated below. 

Constraints Voltage at bus 1 = 1 /0 

Voltage at bus 2 = 0.98 

The SVS bus is treated as PV bus, and load flow results for two 
extreme loading conditions are given below 


S . No . Load 

Bus 2 requirement 

(WU, NVAR) 

injection) MVAR 

1 0+ JO 

-220 

2 500+J300 

' 414 


From the load flow result it is observed that at no load 220 
WVAR should be drawn from bus 2, while at full load 414 NVAR 
reactive power should be Injected into bus 2. The SVS should be 
designed to meet these reactive power requirements between the two 
extreme loading conditions. Based on the earlier discussion, the 

o 

TCR operation is restricted to a minimum fring angle (a) of 20 

At full load the TCR operates at Therefore, fixed 

min 

capacitor should supply reactive power consumed by TCR at 
addition to the reactive power requirement at the bus 2 However, 
at no load, the TCR consumes the reactive power supplied by fixed 
capacitor in addition to the reactive power to be drawn from 


bus 2 . 
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Baeied Oil above oofiaideratione , 

Full capacity of TCR = 414 + 220 = 634 MVAR 


Full capacity of TCR la reached at a = 60* and hence it can be 
written that 


Q 

TCR 


9V‘ 


01=60 


4nfuL 


TCR 


^sin 


(2oi) - (2oi)l 

J oi=6o*^ 


For V = 230 kV , oi = 314 rad/sec, and = 0 


0 I 8TCR«in = = 


TCR'<« = 60 


Baaed on previoua diacuaaion. 


= 634 


234 Henry. 


Full capacity of capactor = 414 + 28 6 = 442.6 MVAR 

Therefore fr V = 230 kV, Cp^ = 26 64 ^iF. 

4.2 SYSTEM MODEL 


The complete ayatem model la ahovn in Fig 4 2. The line on 

both aides of SVS is replaced by equivalent n network and the line 

resistance is neglected. The line transients are neglected and, 

hence, the line is described by algebraic equation , the generator 

is represented as an ideal volage source behind synchronous 

reactance (X ). The TCR is assumed to operate in mode I, that is, 
& 

a ^ OL 60^, where ot denotes the lower limit of firing angle 
min min 

which IS taken here as 20^ based on harmonic considerations. The 
reactive power observed by TCR, in model I, is given by following 


expression 



Q 


4n<4>L 


sin (2£*) - (2oi) 


£(«) 


(4 1) 


4-3 CONTROL SCHEME 

The firing angle control scheme is shown in Fig 4.3. V and 
are midpoint voltage (Fig. 4.2) and reference voltage 
respectively. The firing angle controller is basically a first 
order regulator which la fed with the voltage error v^ . The 
firing angle of TCR is adjusted depending upon the voltage error 
For a given firing angle, the reactive power is drawn by the TCR 
in accordance with equation (4.1). 

The state equation for the firing angle controller is 


dt 



(4 2) 


Ifot>ot , a = a . and if«<a.,oi = a . , otherwise 

max min min min 

ot = oi 

As discussed in the previous chapter, full range of reactive 

power variable is obtainable in mode I itself. Therefore a is 

max 

chosen 60^ so as to restrict the operation to mode I. 
Furthermore, as suggested in the previous chapter, kept at 

20^^ in order to reduce the impact of harmonics. 


4.4 RESULT 


Two types of study have been performed on the system chosen 
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(a) System performance In response to variation in load 

(b) System performance in response to variation in generator bus 

voltage 

The system is initially supplying a reactive load of 150 
MVAR The SVS bus voltage is maintained at 0.98 pu. Fig. 4.4(i) 
and 4.4(li) show the effect of variation in load on SVS bus 

voltage and thyristor firing angle a respectively Uhen the load 
is reduced to 25 MVAR at t = 0 , the SVS bus voltage jumps up, but 

It la successfully brought down to about 0.98 pu through SVS 

control action. In this case thyristor firing angle, initially at 
46*^, goes up so that TCR draws more reactive power in order to 
bring down the SVS bus voltage. Conversely, when load is 

increased to 250 MVAR at t = 0 , the SVS bus voltage goes down, but 
through the controller action, it is successfully maintained at 
about 0.98 pu. In this case, the thyristor firing angle is 
reduced so as to cut down the reactive power drawn by TCR. A load 
of 400 MVAR which is beyond the conttollable range is also 

considered. In this case, it is observed that SVS is not able to 

maintain the SVS bus voltage at 0.98 pu even when thyristor firing 
angle hits its minimum Thus the fixed capacitor is not 

sufficient to provide the required amount of reactive power. 

Fig 4 5(i) and 4.5(11) shows the effect of variation in 
generator bus voltage on SVS bus voltage and thyristor firing 
angle (a) respectively. It is observed that vhen generator bus 
voltage is increased by 10% the SVS bus voltage also goes up, but 
it is successfully brought down to about 0.98 pu. The TCR firing 
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angle hits its upper limit and the TCR draws maximum reactive 
power from the source in order to bring down the SVS bus voltage. 
Conversely, with 10% reduction in supply voltage, the thyristor 
firing angle hits its minimum, as a result the SVS supplies net 
capacitive reactive power to the system. The SVS is able to 
maintain the voltage at about 0 98 pu. 

From the above discussion, it is obvious at least from the 
simplified analysis, that asymmetrically triggered TCR can be 
employed in place of conventional TCR in SVS application 
However, a more detailed transient analysis should be performed. 

4 5 CONCLUSION 

In this chapter a case study has been undertaken to assess 
the efficacy of asymmetrically triggered TCR in SVS applications. 
Two types of study have been performed in this regard It has 

been observed that utilisation of asymmetrically triggered TCR in 
place of conventional one gives expected result. However, a 
detailed transient studies on asymmetrically triggered TCR should 
be undertaken before it is successfully used in SVS applications 



CHAPTER - 5 


CONCLUSIONS 


This theaia deala with the detailed inveatigation of the 
aaymmetri cal ly triggered TCR Thia TCR haa been analysed with 
regards to input current, output voltage, reactive power 
generation capability and harmonic contents in various quantities, 
for all the three modea of operation A comparative evaluation of 
asymmetrical triggered TCR vla-a-vla conventional TCR haa been 
made. A case study haa been undertaken to asaeaa the efficacy or 
otherwise of asymmetrically TCR in SVS applications. 

The main concluaiona that can be drawn from thia thesis are 

(i) Compared to the conventional TCR, asymmetrically triggered 
TCR requires thyristor of smaller current rating. 
Furthermore, for the same reactive power, the size of 
inductor in asymmetrically triggered TCR is small. 

(il) Unlike the conventional TCR, in this new scheme of TCR no 
three valve conduction ia observed when source Inductance is 
taken into consideration However, the effect of source 
Inductance ia to reduce the peak of the phase current. 

(iii) The smooth control of reactive power over full range la 

I 

possible under mode I operation, but not in mode II 
operation Mode III operation being almost Identical to 
mode I, the TCR operation can be restricted to mode I. 
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(iv) Asymmetrically triggered TCR, unlike conventional TCR, 
causes injection of even harmonica also into the supply 
system If a minimum firing angle limit of about 20*^ is 
imposed, all the harmonic components except 2,4 and 5 would 
reduce to less than 10% , without any reduction in the range 
of reactive power control 

(V) It has been observed through simulation that asymmetrically 
triggered TCR can be successfully used in SVS applications 

SCOPE OF FUTURE UORK 

(i) A more detailed study of efficacy or otherwise of 

asymmetrically triggered TCR taking transients into 

consideration should be undertaken. 

(ii) Selective elimination of harmonica through control 
modifications may be explored. 
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= + ain + ein ^ “l3 “l4 ^ ^^21 ^22 

+ ain U23 + Bin + Bin + Bin + «i>^ U33 + sin U3^ 

P16 = + ain + ain V^2 ■*■ ®i” ^13 ■*■ ^14 * ^ ^22 

+ ain V23 + ain + ain W + sin V32 + ain V33 + ain W 
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APPENDIX - B 


SYSTEM DATA 


The ayBtem data ia same as in [11] 


Tranamission line data 


Resistance R = 0.055 O per phase per mile 

Reactance = 0.52 O per phase per mile 

Susceptance CB^. = = 5.92 mho per phase per mile 


Controller data 


K = 200 , T = 0.5 sec. 


a 


max 


= 60 , oi 


min 


= 20 


Baae quantities 


Voltage = 230 kV 

MVA = 100 


Frequency = 50 Hz 



